Nanomanipulation of biomolecules by using single-molecule methods and computer simulations has made it possible to visualize the energy landscape of biomolecules and the structures that are sampled during the folding process. We use simulations and single-molecule force spectroscopy to map the complex energy landscape of GFP that is used as a marker in cell biology and biotechnology. By engineering internal disulfide bonds at selected positions in the GFP structure, mechanical unfolding routes are precisely controlled, thus allowing us to infer features of the energy landscape of the wild-type GFP. To elucidate the structures of the unfolding pathways and reveal the multiple unfolding routes, the experimental results are complemented with simulations of a self-organized polymer (SOP) model of GFP. The SOP representation of proteins, which is a coarse-grained description of biomolecules, allows us to perform forced-induced simulations at loading rates and time scales that closely match those used in atomic force microscopy experiments. By using the combined approach, we show that forced unfolding of GFP involves a bifurcation in the pathways to the stretched state. After detachment of an N-terminal ␣-helix, unfolding proceeds along two distinct pathways. In the dominant pathway, unfolding starts from the detachment of the primary N-terminal ␤-strand, while in the minor pathway rupture of the last, C-terminal ␤-strand initiates the unfolding process. The combined approach has allowed us to map the features of the complex energy landscape of GFP including a characterization of the structures, albeit at a coarse-grained level, of the three metastable intermediates.
P
rotein structures, which are astounding examples of selforganization in living systems, reach their folded states by navigating through a rugged energy landscape. Considerable progress has been made in understanding the folding mechanisms of small, single-domain proteins by using a combination of theory and experiments (1) (2) (3) (4) (5) . Folding of many of these proteins can be approximately described as being two-state-like, that is, their energy landscape does not exhibit pronounced local minima corresponding to partially folded or misfolded structures. However, the folding energy landscapes of larger proteins, with complex topology, can be difficult to characterize because of the presence of multiple metastable intermediate structures (6, 7) . A detailed characterization of the structures of the intermediate states and the associated energetics is a challenge for the experimentalist. In part, the difficulty arises because complex proteins generally fold slowly and tend to aggregate in bulk experiments (8) , a problem that can be avoided in mechanical unfolding of single proteins. Indeed, single-molecule mechanical methods have recently provided new possibilities for directly probing the energy landscapes of proteins and RNA because they can monitor the population of partially folded states (9) (10) (11) (12) (13) (14) (15) (16) . In addition, these experiments can explore regions of the energy landscape that are inaccessible in conventional experiments, thus providing a complete picture of the folding process (17) (18) (19) (20) . It is also possible to extract kinetic and some structural features of the intermediates by measuring the contour length increases (10) (11) (12) of the detaching secondary structural elements as force is varied. However, the description of the structures of the transiently populated intermediates requires a combined experimental and modeling approach.
Here, we use molecular simulations and experiments that use internal disulfide bond engineering to control and unravel the complex unfolding pathways of GFP. In principle, the forceinduced unfolding pathways can be obtained by using all-atom molecular dynamics simulations (21) . Because of severe restrictions in the achievable simulation time scales such studies are forced to use loading rates (r f values) that are several orders of magnitude greater than experiments (22) (23) (24) . We circumvent this problem to predict the forced-unfolding pathways of GFP, a 238-residue protein with a barrel-like architecture, using a coarse-grained selforganized polymer model (SOP) (25, 26) for which simulations can be performed at r f values that are comparable to those used in single-molecule atomic force microscopy (AFM) experiments (25) . The response of cross-link mutants (27) (28) (29) to force in AFM experiments can be used to direct the flux of molecules along a specific pathway that permits us to probe the existence of multiple unfolding routes. The combination of simulations and experiments on the cycle 3 GFP and two cross-link mutants show that, after the initial rupture of the N-terminal ␣-helix, unfolding of the wild-type GFP occurs by a bifurcation in the unfolding pathways. Unraveling in the major pathway occurs from the N terminus with three populated intermediates, whereas rupture in the minor pathway begins from the C terminus with two detectable intermediates. The flux between the pathways and the nature of pathways can be altered by appropriate cross-links. Our work shows that, even though the native topology is the key determinant of the forceinduced unfolding mechanism (30, 31) , the presence of many kinetic barriers leading to multiple unfolding pathways is linked to a subtle balance between energetics that stabilize the local structural elements and chain connectivity that determines the global fold. This article is a PNAS Direct Submission.
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Results

Forced Unfolding of Cycle 3 GFP (Wild Type) Occurs by Bifurcation of
Pathways. To unravel the complexity of the unfolding pathways we performed simulations by using the SOP model (see Methods) at the pulling speed, ϭ 2.5 m/s. From simulations of a number of trajectories we find that there are two unfolding pathways. The time-dependent changes in the force curves for both pathways show multiple peaks ( Fig. 1 a and b) with similar force values. To assign the structural changes that accompany the changes in force, we have determined the dynamical changes in the rootmean-square distances (RMSDs) with respect to the intact Protein Data Bank (PDB) structure [PDB ID code 1gfl (32)] and with various secondary structures removed. By comparing ⌬ WT (t) and ⌬ ␣ (t) we can infer the time when H1 rips from the intact structure by the jump in ⌬ WT (t), while ⌬ ␣ (t) would remain flat. Here, ⌬ WT (t) is the RMSD in relation to the cycle 3 GFP structure and ⌬ ␣ (t) is the RMSD with respect to the folded structure with the ␣-helix removed (see Methods and Supporting Information (SI) Text for details). In the major pathway, H1 opens at t Ϸ 0.6 ms (Fig. 1a) that is indicated by a small abrupt increase in ⌬ WT . Similarly, comparison of ⌬ ␣ and ⌬ ␣␤1 (computed with respect to a structure in which ␣ and the N-terminal ␤1 are removed) shows that (Fig. 1a) there is an increase in ⌬ ␣ at t Ϸ 3.7 ms, which corresponds to unraveling of strand ␤1. The increase in ⌬ ␣␤1 in relation ⌬ ␣␤1/␤2/␤3 shows that at t Ϸ 6.6 ms the substructures ␤2/␤3 unravel. At times տ7 ms, the RMSD of the WT and the various substructures increases greatly and is accompanied by deformation of the barrel. In our earlier study (25) , we showed that, at this juncture, Ͼ60% of the hydrophobic residues are exposed to the solvent. As a result the lifetimes of additional intermediates, which may be resolvable in simulations, would be too short for experimental detection (see SI Text for additional explanation). Thus, the simulations predict that there should be three detectable peaks that correspond to intermediates GFP⌬␣, GFP⌬␣␤1, and GFP⌬␣␤1⌬[␤2␤3], where the square brackets indicate that the strands ␤2 and ␤3 rip almost simultaneously.
The unfolding pathway in Ϸ28% of the molecules is drastically different (Fig. 1b) . Because the magnitude of forces at which the first two peaks rip and the lengths of the detached secondary structural elements (␤1 and ␤11) in the two pathways are similar (see Fig. 1 a and b) , the structures are difficult to resolve experimentally (11) . By following the analysis described above we have used the simulations to identify the secondary structural elements that unravel at the two discrete peaks. The unraveling of H1 occurs at t Ϸ 1 ms. Comparison of ⌬ ␣ and ⌬ ␣␤11 shows (Fig.  1b ) that the C terminus strand ␤11 rips at t Ϸ 4 ms. Because the barrel is totally destabilized after ␤11 unravels, no additional intermediates should be detectable. Thus, in the minor pathway we predict that there should be only two discrete metastable intermediates, namely, GFP⌬␣ and GFP⌬␣⌬␤11.
To validate the theoretical predictions we performed mechanical unfolding experiments using AFM (see Methods). Sample traces of GFP pulled at its termini at 20°C are shown in Fig. 2a . Recently, we showed (11) that GFP, when loaded at the termini, unfolds by the rupture of the small N-terminal ␣-helix, resulting in the formation of GFP⌬␣. As in the simulations, the major unfolding peak proceeds from GFP⌬␣. During its relaxation phase, the AFM cantilever exhibits intermediate dwell levels that last for time spans ranging from hundreds of microseconds to a few milliseconds. A histogram of the length gains from the major peak to the intermediate levels shows a clear maximum at extension Ϸ6.5 nm (Fig. 2b) . The second intermediate state (GFP⌬␣⌬␤) lacks an additional full ␤-strand, whereas the folded portion of the intermediate presumably retains the native structure. The simulations show that it is the N terminus strand ␤1 that unravels in the major pathway. Furthermore, by combining the theoretical predictions and experiments we can surmise that on unfolding of the ␣-helix and ␤1 the rest of the structure is intact ( Fig. 1a and SI Fig. 7 ).
The histogram in Fig. 2b is skewed toward larger lengths that may be indicative of additional intermediates in the unfolding pathway. To resolve the presence of a third possible intermediate, we performed additional experiments at a lower temperature (8°C; see Fig. 2c ). The presence of a distinct new population at extension peaked around 16.3 nm is clearly evident (Fig. 2d) . Although the experiments show that a third intermediate is populated, we can assert only by comparison with SOP simulations that it should correspond to GFP⌬␣⌬␤1 ⌬[␤2 ␤3] (Fig. 1a) .
Cross-Link Mutants Control Unfolding Pathways. Can the details of the unfolding pathways predicted by the simulations also be observed in single-molecule mechanical experiments? In particular, the prediction that mechanical unfolding of GFP occurs by pathway bifurcation requires experiments that preferentially block one of the pathways. Earlier studies have used inserts of 5-aa residues into the loops of Ig domains to achieve such information (33, 34) . The 2-nm gain in length on amino acid insertion makes it possible to identify the ␤-strands that are detached in an unfolding intermediate. However, large inserts can significantly compromise folding mechanism and the structure of the protein under investigation. Inserts of 5 alanine residues into the loops flanking the proximal and distal ␤-sheets of GFP failed to produce functional GFP protein in the current study. To circumvent these difficulties we used disulfidebond engineering to control the unfolding pathways within a single protein domain. We engineered two different mutants with disulfide bonds to cross-link the N-terminal ␤-sheet (GFP␤ N-lock ) and the last C-terminal ␤-sheet (GFP␤ C-lock ) to the rest of the GFP structure (see Fig. 3 a and d) . These two mutants should allow us to distinguish whether unfolding of the GFP barrel proceeds by detachment of N-or C-terminal ␤-strands. The mutant that suppresses the major unfolding pathway should greatly affect the unfolding pattern as well as the unfolding force, whereas the other mutant should provide an essentially unaltered unfolding sequence.
Both mutants show absorption and fluorescence emission spectra that are indistinguishable from the wild type (SI Fig. 8 ). This is a strong indication that the cross-links do not alter the GFP structure, and hence the underlying energy landscape.
A histogram of the total unfolding length obtained for the N-terminal cross-link (GFP␤ N-lock ) shows a major peak at 68.4 nm that is reduced by Ϸ8.6 nm compared with the 77 nm of the wild type (see Fig. 3e ). This reduction in length is the expected value for the shortening of the GFP polypeptide chain due to the cross-link between the amino acids 11 and 36. The length histogram also exhibits a minor peak at the full-length gain of 77 nm. This peak represents a minor fraction of un-cross-linked protein. Hence, Ͼ86% of the GFP molecules have successfully formed a cross-link. The major unfolding peak of the cross-linked GFP␤ N-lock shows a clean single-step transition from GFP⌬␣ to the fully unfolded GFP (Fig. 3f ) . Even experiments performed at 8°C, which greatly enhanced the occurrence of intermediate states in the wild type (Fig. 2c) , did not show any signs of intermediates in GFP␤ N-lock . Addition of DTT to the buffer (Fig. 3g) almost fully restored the length gain and unfolding intermediates as observed in the wildtype protein (see Fig. 3e, h, and i) . Surprisingly, the force distribution of the cross-linked mutant is almost identical to the wild-type protein (Fig. 4) . Unfolding length distributions of the C-terminal cross-link mutant (GFP␤ C-lock ) exhibit a bimodal distribution at both the expected shortened length of 70 nm as well as the full length of 77 nm (Fig. 3b) . Obviously, formation of the cross-link occurs only with Ϸ50% probability. The unfolding pattern of the short population with successfully formed disulfide bond exhibits both unfolding intermediates present also in the wild type (Fig. 2c) . Again, the force distribution is almost identical to the one observed for the wild type (Fig. 4) . Interestingly, experimental observation frequency of the unfolding intermediates GFP⌬␣⌬␤ and GFP⌬␣⌬␤1 ⌬␤2 seems to be increased in GFP␤ C-lock compared with the wild type (see Table 1 ).
GFP␤N-lock Mutant Unfolds from a Single Populated Intermediate.
The disulfide bond between the two CYS residues was mimicked by using a covalent bond that in the SOP model is represented by using the FENE potential (first term in Eq. 1). We generated 30 trajectories for this mutant, each starting from the same PDB conformation. The force-extension curves (FECs) show that there are several peaks. However, the instability of the intermediates beyond the first peak would escape experimental detection (see below). The structure of the first peak is assigned by comparing the time-dependent variations in ⌬ WT and ⌬ ␣ (Fig. 5a ) which show that H1 unravels at t Ϸ 1.6 ms. After the rupture of H1 the barrel opens, increasing the potential solvent accessibility of the core hydrophobic residues that, in turn, leads to complete unfolding of GFP. The prediction that the GFP␤ N-lock unfolds with only one populated intermediate is consistent with experimental results (Fig. 3f ) that show only one peak in the FEC. Along the minor pathway in the unfolding of cycle 3 GFP there is an additional intermediate corresponding to unraveling of ␤11 that is absent in the GFP␤ N-lock cross-link. The reason for the absence of the second intermediate is that, in the GFP␤ N-lock mutant, the barrel is destabilized prior to the unfolding of ␤11, whereas, in cycle 3 GFP, the barrel flattens after ␤11 rips (see SI Fig. 7 ).
Unfolding Route of the GFP␤C-lock Mutant Coincides with the Major
Pathway of Cycle 3 GFP. In all of the 30 trajectories generated for the GFP␤ C-lock disulfide-bonded mutant, there are three detectable intermediates in the FECs as well as in the time dependence of the force. The structures of the intermediates can be unambiguously determined by comparing the time-dependent changes in RMSD with respect to the intact conformation and structures with selected missing secondary structural elements. Analysis of the RMSD plots (Fig. 5) shows that the order of unfolding coincides with the major pathway in cycle 3 GFP. The results are not only in accord with experiments on the GFP␤ C-lock mutant, but also confirm that in the majority of the cycle 3 GFP molecules unfolding is initiated from the N terminus.
Discussion
The combined experimental and simulation approach of this study allows us to unravel in great detail the diverse unfolding paths and intermediate structures of GFP with complex architecture. Experiment (11) and simulations (25) show that the major mechanical unfolding event proceeds from an intermediate structure GFP⌬␣ where the N-terminal ␣-helix is detached from the GFP barrel. From here, the major path of unfolding occurs by two additional intermediate states. The SOP simulations predicted that unraveling of ␤1 leading to GFP⌬␣⌬␤1 is the second event in the major unfolding pathway. The data shown in Fig. 2 now prove that the detachment of the first ␤-strand occurs from the N terminus because cross-linking of this strand in GFP␤ N-lock completely eliminates the population of this intermediate (Fig. 3f ) . It is likely that the transition to the next intermediate state GFP⌬␣⌬␤1⌬2␤ also involves detachment of two additional ␤-strands from the N terminus. However, this conclusion cannot be drawn from experimental data alone. Again, the SOP simulation results provide crucial information by corroborating the structure of the third intermediate GFP⌬␣⌬␤1⌬2␤. The SOP simulations show, in accord with experiments, that the detachment of the two ␤-strands from GFP⌬␣⌬␤1 results in a length gain of 16.3 nm. Examination of the structures shows that the third intermediate does correspond to the unraveling of ␤2 and ␤3 with little perturbation of the rest of the structure (SI Figs. 7 and 8) .
The most striking conclusion from the simulations is the prediction of a bifurcation between the major N-terminal pathway involving the two additional intermediates and a minor C-terminal pathway lacking additional unfolding intermediates. Bifurcation between two pathways is extremely difficult to predict because it requires very precise determination of the kinetic barriers. A mere difference of 1 kT in activation barrier height shifts the relative flux between the two competing pathways by almost a factor of 3. Do we find any evidence for such a bifurcation in the experimental data? The first piece of evidence is the striking similarity in the unfolding force distributions of the wild-type GFP, GFP␤ N-lock , and GFP␤ C-lock (Fig.  4) . Obviously, a very similar force is required to unfold GFP both from the N terminus and from the C terminus. A bifurcation should also lead to a significant fraction of unfolding events in the GFP proceeding from the C terminus and, hence, lacking both the intermediates GFP⌬␣⌬␤1 and GFP⌬␣⌬␤1⌬2␤. Analysis of the relative fraction of those curves exhibiting intermediates and those curves lacking intermediates for both GFP and GFP␤ C-lock is shown in Table 1 . The fraction of curves exhibiting intermediates is significantly increased in GFP␤ C-lock compared with GFP. This observation is consistent with a bifurcation because the C-terminal cross-link mutant GFP␤ C-lock likely funnels the unfolding events into the N-terminal unfolding channel. The existence of two pathways in the mechanical unfolding of the wild-type GFP should manifest itself in a slight difference in unfolding force for the events unfolding by the two respective pathways. We pooled all data from the wild type and analyzed the unfolding forces for the two pathways separately.
For the pathway with intermediate we find an average unfolding force of 93.76 Ϯ 0.9 pN (n ϭ 194) and for the pathway lacking the intermediate the average unfolding force is 98.22 Ϯ 1.28 pN (n ϭ 107). The error is given by the standard error of the mean. This finding further supports the existence of two unfolding pathways. The unfolding simulations of the cross-link mutants provide a microscopic basis for such an interpretation. The simulations of GFP␤ C-lock clearly show that its unfolding pathway coincides with the major unfolding pathway of cycle 3 GFP. Thus, blocking the minor pathway diverts the flux of molecules from the minor to the major unfolding route. Surprisingly, unfolding of GFP␤ N-lock proceeds by populating only GFP⌬␣ because the barrel is entirely destabilized (SI Fig. 9 ) before the rupture of ␤11.
In a previous study we showed that the multiexponential lifetime distribution of GFP⌬␣⌬␤ is also consistent with a simple single-pathway reaction scheme (11) . Only combination of simulation and cross-link mutants allowed us to distinguish unambiguously between the single and bifurcating pathway picture. Taken together the present results show that during the transition to the stretched state induced by force, cycle 3 GFP explores a complex energy landscape (Fig. 6 ) in which there is a multiplicity of routes. Clearly, the fraction of molecules that traverse the two dominant pathways can be altered by mutations or force direction, which attests to the inherent plasticity of GFP and, in all likelihood, other proteins as well. Indeed, it is well recognized that the features of the energy landscapes of proteins that determine the folding pathways and kinetic barriers are controlled by a subtle balance between native topology and energetics that stabilize the folded structure (3) (4) (5) . The present and previous studies show that the energy landscape can presumably be manipulated by using cross-link mutants or by merely changing the points of force application that alters the direction along which strain propagates (16, 27, 35) , and hence the unfolding routes in the rugged energy landscape (Fig. 6 ).
Methods
Self-organized Polymer (SOP) Model. We use a topology-based model for GFP in which each amino acid is represented by using the C ␣ atom. The total energy Fig. 6 . The complex energy landscape for GFP unfolding is constructed based on the results of simulations and experiments. Starting from the folded structure, which corresponds to the native basin of attraction, unfolding occurs by bifurcation in the pathway after the rupture of the ␣-helix. The molecules that unfold by the dominant pathway are shown by green arrows and the purple arrows show the fate of GFP molecules that follow the minor pathway. The structures of the intermediates in the various basins are explicitly shown. The approximate fraction of the molecules along each pathway is indicated. These numbers can be altered by mutations (cross-link in this study) and by changing the force direction. Thus, the energy landscape is not only rugged, but also can be manipulated. function for a conformation, specified in terms of the coordinates {ri} (i ϭ  1, 2, . . . , N) , where N is the number of residues is The distance between two neighboring interaction sites i and i ϩ 1 is ri,i ϩ 1 and r i,i ϩ 1 o is its value in the native structure. The finite extensible nonlinear elastic (FENE) potential (first term in Eq. 1) describes the backbone chain connectivity. We use Lennard-Jones potential (second term in Eq. 1) to account for the interactions that stabilize the native state. If the noncovalently linked beads i and j for ͉i Ϫ j͉ Ͼ 2 are within a cutoff distance R C (i.e., rij Ͻ RC), then ⌬ij ϭ 1. If rij Ͼ RC, then ⌬ij ϭ 0. A uniform value for h, which specifies the strength of the nonbonded interactions, is assumed. All nonnative interactions (third term in Eq. 1) are repulsive.
To prevent interchain crossing we chose appropriate value of (see SI Table 2 for the values of the parameters in the energy function). The loading rates in this study, unlike in the standard steered molecular dynamics simulations, are comparable to the experimental values.
Simulations. We used Brownian dynamics simulations (36, 37) at T ϭ 300 K to generate the mechanical unfolding trajectories. We estimate the simulation time scale by using
ͪhL, where L ϭ 3 ps. We used ϭ 50 L Ϫ1 in the overdamped limit, which approximately corresponds to the friction constant for a molecule in water. After the experimental setup, the C-terminal end is stretched at a constant pulling speed (v ϭ 2.5 m/s) while keeping the N-terminal end fixed.
The cantilever spring constant is taken to be ks ϭ 35 pN/nm, which is in the range of (1-100) pN/nm used in the AFM experiments.
